Changes in knee shape and geometry resulting from total knee arthroplasty can affect patients in numerous important ways: pain, function, stability, range of motion, and kinematics. Quantitative data concerning these changes have not been previously available, to our knowledge, yet are essential to understand individual experiences of total knee arthroplasty and thereby improve outcomes for all patients. The limiting factor has been the challenge of accurately measuring these changes. Our study objective was to develop a conceptual framework and analysis method to investigate changes in knee shape and geometry, and prospectively apply it to a sample total knee arthroplasty population. Using clinically available computed tomography and radiography imaging systems, the three-dimensional knee shape and geometry of nine patients (eight varus and one valgus) were compared before and after total knee arthroplasty. All patients had largely good outcomes after their total knee arthroplasty. Knee shape changed both visually and numerically. On average, the distal condyles were slightly higher medially and lower laterally (range: +4.5 mm to 24.4 mm), the posterior condyles extended farther out medially but not laterally (range: +1.8 to 26.4 mm), patellofemoral distance increased throughout flexion by 1.8-3.5 mm, and patellar thickness alone increased by 2.9 mm (range: 0.7-5.2 mm). External femoral rotation differed preop and postop. Joint line distance, taking cartilage into account, changed by +0.7 to 21.5 mm on average throughout flexion. Important differences in shape and geometry were seen between pre-total knee arthroplasty and post-total knee arthroplasty knees. While this is qualitatively known, this is the first study to report it quantitatively, an important precursor to identifying the reasons for the poor outcome of some patients. Using the developed protocol and visualization techniques to compare patients with good versus poor clinical outcomes could lead to changes in implant design, implant selection, component positioning, and surgical technique. Recommendations based on this sample population are provided. Intraoperative and postoperative feedback could ultimately improve patient satisfaction.
Introduction
Changes in knee articular geometry after total knee arthroplasty (TKA) have been shown to affect patients in numerous ways: pain, function, stability, range of motion, and tibiofemoral (TF) and patellofemoral (PF) kinematics. [1] [2] [3] [4] [5] [6] [7] [8] Abnormal component positioning was identified in five out of five patients with pain after TKA, compared to those without pain. 9 Abnormal positioning also results in abnormal knee shape. These factors combined to motivate this work. Changes in articular geometry compared to the preoperative knee occur both intentionally (e.g. due to correcting the preoperative malalignment) and unintentionally (e.g. due to standardized component sizing and component malplacement). Changes in the shape and geometrical dimensions of the knee due to TKA have not been documented previously to our knowledge, except for joint line shift. 10 Clinically relevant geometrical parameters include dimensional changes in the distal condyles as these can affect varus/valgus alignment, femoral groove orientation, and stability in extension; changes in the posterior condyles affecting stability in flexion, patellar tracking, range of motion, and kinematics; 11 changes in PF distance affecting over-or understuffing of the joint, range of motion, and pain and reflects the anteroposterior (AP) component design and positioning; 12 changes in patellar thickness for similar reasons, but with a closer focus on the cause; [13] [14] [15] changes in hip-knee-ankle (HKA) angle since correcting HKA is one of the primary goals of the surgery 16 due to the fact that coronal alignment affects the load distribution through the knee, 17 preoperatively influencing disease progression of osteoarthritis (OA) 18 and postoperatively having a direct impact on the survivorship and function of TKA; 19 femoral component rotation, since internal rotation can cause patellar maltracking, pain, and complications, [20] [21] [22] [23] whereas excessive external rotation can cause mechanical overload on the medial side and also increased patellar shear forces; 24, 25 as well as changes in medial and lateral joint line distances to detect whether the TKA made the joint tighter or looser, since small changes to the joint line distance post-TKA can have a considerable effect on joint stability, range of motion, and PF mechanics. [26] [27] [28] [29] [30] A better understanding of the changes in knee shape and geometry after TKA could aid implant design as well as patient-specific planning using computerassisted surgery or patient-specific instrumentation, to improve patient outcomes and satisfaction. However, accurately measuring the changes in shape and geometry is challenging. The purpose of this study was, therefore, to develop a conceptual framework and analysis method based on previously developed computed tomography and radiographic imaging techniques to investigate, both visually and numerically, changes in articular shape and geometry resulting from TKA and prospectively apply it to a sample population.
Methods

Subjects
Nine OA subjects were prospectively imaged before and at least 1 year after TKA. Our institutional review board approved the study, and informed consent was obtained from all participants. Since all subjects agreeing to participate in the study were included, no attempt was made to equalize groups by sex, operated leg, or varus/valgus (five male, four female; eight right, one left; eight varus, one valgus); instead a range of patients was desired to test the developed protocol (see Table 1 for the subject characteristics).
Image acquisition
To evaluate three-dimensional (3D) changes in knee shape and geometry, computed tomography (CT) scans were obtained using a unique, validated CT protocol 31 (see Table 2 for the CT imaging parameters used). Knee joints were imaged in full extension, using a SOMATOM 64-slice CT machine (Siemens, Berlin, Germany), with simulated partial weightbearing. 31 CT alone, together with the 3D segmentation and matching described below, can be used to evaluate most parameters, if so desired. In order to also evaluate the changes in joint line distance and PF distance, sequential biplanar calibrated radiographs were obtained of the same subjects preop and postop, using a sagittal view and 10°below sagittal, 32 at three flexion angles (extension, 45°flexion and 90°flexion). The orientation of these two views was chosen to achieve good PF visibility for a broader study of knee kinematics before and after TKA.
32,33
Prosthesis components
All subjects had a cemented, rotating platform posterior stabilized prosthesis (PFC Ò Sigma ä Mobile Bearing; DePuy Synthes Joint Reconstruction, Warsaw, IN) with a resurfaced all-polyethylene patella, operated on by a single surgeon (S.M.).
Image segmentation and prosthesis model fitting
Preoperative CT scans were segmented automatically using statistical shape models developed at the Zuse Institute Berlin (ZIB), with minor manual refinement, to generate 3D femoral, tibial, and patellar bone models 31 ( Figure 1(a) ). Coordinate systems were computed for each 3D bone model using anatomical features as described in Grood and Suntay. 34 Postoperative CT scans were used to define the relative positions of the bones and prosthesis components after the surgery. Manufacturer-provided 3D prosthesis models were matched automatically to the CT images using custom software developed within ZIBAmira (version 2011.2-rc6; ZIB, Berlin; Figure 1(b) ). Previous analysis demonstrated good accuracy and repeatability with this technique, 31 despite the metal artifact, whereby the acceptable image gradient magnitude and search space were progressively adapted during the optimization to improve robustness and speed. To validate the technique, 31 femoral, tibial, and patellar prostheses were implanted onto an artificial bone model that was fixed in place and then CT scanned. The implants, fixed in their respective orientations on the bone model, were digitized using a coordinate measuring machine (CMM) at key points and with a point cloud covering the surfaces of each of the implants. The 3D implant surface models were then co-registered to the combined point cloud data to determine the CMM-based 6-degree-of-freedom (DOF) TF and PF transformations; this was compared to the CT-based results using the protocol used in our study. Mean absolute differences in the knee prosthesis pose between CT imaging and CMM measurements were 0.24 mm TF, 0.19 mm PF, 0.40°TF, and 0.22°PF. 31 Repeatability of the 3D-3D matching to the postoperative CT showed standard deviations of 0.29°or less in rotation and 0.11 mm or less in translation for all three components. 31 On the tibial side, due to the radiotransparency of the polyethylene and the unknown rotation of the mobile bearing insert, only the metal tibial tray was matched. Matching the preop segmentations to the prosthesis-matched postop CT scans allowed combined bone-implant models to be created for the femur, tibia, and patella (Figure 1(c) ). The coordinate systems of the bone models were used for the combined bone-implant models as well, for consistency between the preop and postop measurements.
For the joint line and PF distance analyses, the bone or prosthesis models were fit to the preop and postop biplanar radiographs, respectively, using JointTrack Biplane open-source software (sourceforge.net/projects/jointtrack/; 35 Figure 2 ). See our previous studies 32, 33 for details. Since the joint line and PF distances depend primarily on the AP and superoinferior (SI) measures; this method can detect differences preoperatively within 1.05 mm TF and 1.11 mm PF and postoperatively within 0.26 mm TF and 0.49 mm PF, 32 based on an analysis of intra-and interobserver repeatability. While the CT imaging is easier to implement, two-dimensional (2D)-3D matching to biplanar radiographs provides additional information for researchers or clinicians interested in joint line or PF changes, both of which can play an important clinical role. 
Femoral and patellar color maps
Color maps were created between the preop segmentations and the postop combined femoral and patellar bone-implant models, to visualize the overall preoppostop shape changes in the knee joint, using ZIBAmira. Color maps were not relevant for the polyethylene tibial surface due to the mobile bearing insert.
Condylar and PF dimensions
To quantify the key regions, the following preop and postop parameters and changes due to the TKA were measured: (1) medial and lateral prosthesis-bone distances (i.e. excluding cartilage) for the distal condyles; (2) medial and lateral prosthesis-bone distances for the posterior condyles; (3) preop and postop PF distances (defined as the distance between the origin of the patellar bone coordinate system and the origin of the femoral bone coordinate system, whereby the origin of the patellar bone coordinate system was chosen as the geometric center, 31 the origin of the femoral bone coordinate system was chosen as the midpoint of the line joining the centers of spheres fit to the medial and lateral condyles, and the origins of the postop combined bone-implant models were the same as the preop bone models to be able to make relevant comparisons) with the knee in full extension (0°) and at 45°and 90°knee flexion; and (4) preop and postop patellar thickness, in which preop patellar thickness was measured as the thickest part of the patellar bone, and postop thickness was measured from the apex of the patellar component on the combined bone-implant model (Figure 3 ), using ZIBAmira.
HKA angle
To evaluate varus/valgus alignment changes for our subjects, the HKA angle was measured from the preop and postop CT topograms (i.e. low-dose scout scans), with the foot oriented perpendicular to the bed, and the leg under partial weightbearing, in a custom apparatus. 31 The HKA angle was computed as the angle between two lines: one connecting the femoral head center to the knee center and the other from the knee center to the ankle center ( Figure 4 ). 36 
Condylar axes and femoral component rotation
To evaluate the transepicondylar axis (TEA) and assess femoral component rotation, we first compared the anatomical and surgical TEA lines relative to the preop posterior condylar line (PCL) and then compared the femoral component PCL to the bone PCL and the surgical TEA. The anatomical TEA is a line drawn between the medial and lateral epicondylar prominences, whereas the surgical TEA is drawn between the medial sulcus and the lateral epicondylar prominence ( Figure 5) . 20, 21, 37, 38 Tibial component rotation was not measured, since it changes during knee flexion for a mobile bearing prosthesis (thus requiring measurement in multiple positions), and the tibial insert is not visible in radiography due to the radiotransparency of the polyethylene.
Changes in joint line distance
To measure TF joint line distance alterations, we used a recently reported method 39 to take preoperative cartilage thickness into account. This method fits the prosthesis components to the preoperative images (''preoperative-based registration'') to determine the total changes in TF joint line distance, thereby incorporating the preoperative cartilage thickness.
Using this method, the combined tibial bone-implant and femoral bone-implant models, created above, were overlaid on the preoperative lateral radiographs at 0°, 45°, and 90°of flexion using 2D-3D image matching using the JointTrack Biplane software. A cutting plane perpendicular to the tibial tray was created, through the medial and lateral condyles of the femoral component using ZIBAmira. The distance between the most distal point on the condyle of the femoral component and the most proximal point on the tibial component was measured as the joint line distance ( Figure 6 ). Due to the radiotransparency of the polyethylene, we added the insert thickness at its lowest point manually to our calculation, using the minimum insert thickness measured from the manufacturer's 3D model. Interference between the components, defined as a positive change in joint line distance, suggests a tighter knee post-TKA. Separation of the components, defined as a negative change in joint line distance, suggests a looser knee post-TKA. Since the combined femoral-tibial distance is measured, the thickness of the combined femoral and tibial cartilage is taken into account.
Statistical analyses
Statistical comparisons, for our nine subjects with a single implant design and surgeon, were made on the measured geometrical parameters using paired Student's t-tests to examine differences between preop and postop knee shapes, with p \ 0.05 considered significant.
Results
Knee shape and geometry changed in numerous ways in the sample population as a result of the TKA. On average, the distal condyles were higher (i.e. inside the preop bone) by 1.2 mm medially (range: 24.4 to 0.9 mm) and lower (outside the preop bone) by 0.6 mm laterally (range: 21.5 to 4.5 mm), excluding the cartilage thickness (Table 3) .
The posterior condyles were smaller by 2.7 mm medially (range: 26.4 to 1.8 mm) and 0.6 mm laterally (range: 23 to 2.7 mm; Table 4 ).
Patellofemoral distance increased on average by (Table 5) , with large differences between individuals.
Patellar thickness increased by an average of 2.9 mm (range: 0.7 to 5.2 mm), excluding the preop cartilage (Table 6) .
In all cases, the proximal anterior flange of the femoral component was outside the preop bone (Figure 7) , especially medially; the lateral portion of the anterior femoral condyle was inside the preop bone, cutting off the lateral prominence of the femoral groove; and the postop patella remnant+component was thicker laterally compared to the preop patellar bone (Figure 8 ).
With respect to HKA angle, there were eight varus knees and one valgus knee preoperatively. Postoperatively, the knee was brought closer to neutral alignment in all cases (p \ 0.01), and within 63°(considered as neutral alignment) in seven of nine cases ( Table 7 ). The average correction was 2.6°(standard deviation (SD): 4.0°), and the average postop HKA was 1.7°varus (SD: 2.7°).
With respect to the PCLs and transepicondylar axes, preoperatively the anatomical TEA was externally Figure 6 . Total changes in tibiofemoral joint line distance ( J L : lateral joint line change; J M : medial joint line change), taking preop cartilage thicknesses into account. The combined tibial bone-implant (including the tibial insert thickness from the surgical report) and femoral bone-implant models from the postop CT and 3D-3D matched prostheses were overlaid onto the preoperative lateral radiographs at 0°, 45°, and 90°of flexion using 2D-3D image matching. Since the postop prostheses should be in contact medially and laterally, interference in the overlaid image suggests a tighter joint postop (i.e. the femur and tibia would be forced apart to accommodate the prostheses), whereas separation suggests a looser joint postop. Since the combined femoral-tibial distance is measured, the thickness of the combined cartilage is taken into account. 40 Refer to Figure 7 for the related color maps. 40 Refer to Figure 7 for the related color maps.
rotated by a mean of 6.3°(SD: 1.6°) relative to the bone PCL, whereas the surgical TEA was externally rotated by a mean of 1.9°(SD: 2.0°) relative to the bone PCL (Table 8 ) resulting in an average difference between the two TEAs of 4.4°(SD: 1.0°), with the anatomical TEA more externally rotated than the surgical TEA (p \ 0.01). Postoperatively, the femoral component was slightly externally rotated by 0.8°on average (SD: 1.8°) relative to the surgical TEA and externally rotated by 2.7°on average (SD: 1.4°) relative to the preop PCL. Total changes in joint line distance were 0.7 mm on average (SD: 2.4 mm) in extension, 21.3 mm (SD: 2.9 mm) in 45°flexion, and 21.5 mm (SD: 3.1 mm) in 90°flexion (Table 9) , suggesting a slightly tighter joint in extension and a slightly looser joint in flexion. There were significantly larger changes in joint line distance on the medial side than the lateral side, in extension, due to the varus knees preop (p \ 0.01).
Discussion
This study proposed a new method to investigate differences in knee shape and geometry resulting from TKA, finding substantial differences for individuals in each parameter. These data are unique: quantitative data concerning preop/postop changes have not been previously available yet are essential to understand individual experiences of TKA. Knee parameters are rarely reported for the same individual before and after TKA; doing so allows for a focus on individual patients, thereby allowing a comparison with individual changes in quality of life. Although patients, on average, have better quality of life after TKA, not all patients do. By prospectively measuring knee geometry before surgery, if patients present a problem or dissatisfaction with the surgery, their preop, postop, and changes in geometry can be examined to identify potential causes. As indicated earlier, five out of five patients who reported pain after TKA had abnormal component positioning or abnormal patellar thickness (too thick or thin) compared to those without pain after TKA. 9 There are several uses for both the methods and results of this study. The results for this sample population, including the variability between individuals, can be used as a reference for future studies. The clinical availability of the imaging systems allows other researchers to investigate these changes as well. The presentation method can be adopted for intraoperative use in surgical navigation systems or for postoperative follow-up, to compare good versus poor outcomes. Evidence already exists that component positioning affects clinical results. [1] [2] [3] [4] [5] [6] [7] [8] [9] Comparing larger cohorts of patients with good versus poor outcomes using the developed visualization and measurement techniques could help to identify and quantify these differences, leading to changes in implant design, implant selection, component positioning, or surgical technique. Figure 8 for the related color maps. 41 Refer to Figure 3 for the measurement method. Several recommendations can be made regarding implant design and surgical technique; some might be well known to implant manufacturers and surgeons, but our study provides a mechanism to directly evaluate them. Based on the results for this sample population, the anterior flange of the femoral component should be thinner and the patellar resection thickness should be carefully controlled. Better patellar resection techniques are needed to achieve the correct thickness. 42, 43 More femoral size options would allow a better match to the original geometry and fewer compromises. Implant shape and size should be designed based on how the prosthesis will be implanted, not on the original anatomical bone shape, since more will be cut off one side than the other to realign the leg. Component placement plays a critical role in clinical outcome and should be accurately controlled.
Patellofemoral geometry changed substantially in our sample population. Patellar thickness increased in all subjects relative to the bone surface, particularly laterally. The surgeon preferred a thicker resurfaced patella to avoid patellar fracture. However, the increase in patellar thickness could cause excessive tightness leading to patellar tilt laterally. 15 Postoperatively, PF distance increased significantly, which can cause PF overstuffing. It also varied with knee flexion angle. The changes in PF distance were, therefore, not just due to the change in the patellar thickness postop but also due to the variations in the anterior aspect of the femur, changing the moment arm, thereby causing different amounts of tightness.
Due to the severe knee deformation and worn cartilage in arthroplasty patients, the surgeon may decide not to restore the preoperative joint line distance. 39 In Figure 7 . Color maps of each individual subject's femur, showing the distance of the femoral prosthesis from the preop bone surface (i.e. excluding cartilage-see Tables 3 and 4 for measured distances and average healthy cartilage thicknesses). Red indicates that the prosthesis is outside of the bone; blue indicates that the prosthesis is inside the bone. Note that all subjects except S2 had TKA on their right leg and all subjects except S6 had varus alignment preop. AP: anteroposterior; PA: posteroanterior. Figure 4 for the measurement method.
our pilot study, the surgery corrected the varus/valgus malalignment observed in the pre-TKA osteoarthritic knees, except in two knees. This malalignment correction has a number of repercussions. Varus knees (eight of nine of our subjects) typically have greater wear on the medial side of the knee; correction to neutral alignment, therefore, requires cutting less off the medial side or more off the lateral side on the femur and/or tibia. The surgeon aims to achieve a balanced knee during flexion and extension to maintain both stability and range of motion. Given that the medial side had a 3.2-mm ''tighter'' joint line distance on average postop in full extension, with 1.7 mm ''looser'' on the lateral side in full extension (2.9 mm at 90°flexion), the surgeon generally chose to add more thickness on the medial side (mostly on the tibial side), to restore the joint closer to its pre-arthritic state, while allowing more flexibility medially and laterally in flexion. In TKA, surgeons mostly aim to position the femoral component in the ''correct'' alignment rather than the normal alignment of the distal femur. 20 Since the normal tibial plateau has an average 3°varus orientation, 44 the standard perpendicular coronal tibial cut changes the natural angle. Matching the femoral component to the natural alignment can, therefore, cause problems during flexion. Furthermore, in most femoral components, the posterior condylar line is parallel to the anterior cut. Therefore, usually a 3°external rotational compensation is recommended on the femoral side to correct the tibial cut and symmetric component design. In knees with a perpendicular tibial cut, internal femoral component rotation negatively affects knee stability, patellar tracking, and PF contact points; a small external rotation improves both of these. 45 In our study, we found that the femoral component was 2.7°e xternally rotated on average from the posterior condylar line, as desired. Nonetheless, the wide range between individuals and possibly between women and men 20 suggests that an individualized plan could be beneficial. The average difference of 4.4°between the anatomical and surgical TEA, which is similar to that found in other studies, 46 emphasizes the importance of identifying the correct landmarks during surgery.
This study was limited by the small number of subjects with a single implant design and surgeon. It is important to recognize that results may be different for different implant designs and surgical techniques. In particular, the design of the bearing surfaces can have an important impact, as can the degree of ligament balancing, which, in turn, is influenced by the design and positioning of the components, thus affecting the changes in knee shape. Small changes to the joint line distance post-TKA can have a considerable effect on joint stability, and changes in PF distance can affect over-or understuffing of the joint, range of motion, and anterior knee pain; future work will investigate the relationships between shape and kinematics. A further limitation of this study is that the subjects largely had good clinical outcomes-a factor that is indeed good Figure 8 . Color maps of each individual subject's patella, showing the distance of the patellar prosthesis from the preop bone surface (i.e. excluding cartilage-see Table 5 for measured distances and average healthy cartilage thicknesses).
for the patients in this prospective study but did not allow a comparison between good versus poor results. Also, we were not able to measure the tibial component rotation in this study as it changes during knee flexion for a mobile bearing prosthesis, and due to radiotransparency of the polyethylene, the tibial insert is not visible in the radiographs. Another major limitation is that we only had information on the bone surface, not the cartilage surface due to the CT and radiographic methods used. Nonetheless, wherever the prosthesis is inside the bone, it will be even more inside the cartilage surface, and average cartilage thicknesses (provided with the tables) can be added to the bone surface calculations to gauge the changes. For all geometrical parameters, including dimensional changes in the distal condyles, the posterior condyles, and patellar thickness, we provided the average femoral and patellar cartilage thicknesses, in healthy knees, in the tables. The joint line and PF distances already take the preop cartilage thicknesses into account, a strength of the reported methods.
Changes in knee shape and geometry depend on a combination of surgical technique, implant design, implant selection, and component positioning. This study is the first that we are aware of to investigate these changes. The primary purpose of this study was to highlight that such changes in knee geometry do exist and provide a mechanism to evaluate them. Existing databases as well as future prospective studies could exploit this new way of looking at the knee joint to determine shape differences between patients with good versus poor results after TKA to identify intraoperative interventions or changes in implant design to improve surgical outcome and patient satisfaction. The hypothesis is that greater changes in shape are more likely to lead to a poor clinical outcome or poor satisfaction (as suggested by previous studies investigating individual shape factors such as patellar thickness). The developed protocol can also be used to compare the surgical outcome to the surgical plan, to create a feedback loop that keeps track of and augments the surgeon's learning experience for continual improvement. Improving surgeon awareness of the intentional and unintentional changes to the knee during TKA could ultimately improve patient satisfaction.
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